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Abstract

Continuum phase field theory is applied to study elastic twinning in calcite
and sapphire single crystals subjected to indentation loading by wedge-shaped
indenters. An order parameter is associated with the magnitude of stress-free
twinning shear. Geometrically linear and nonlinear theories are implemented
and compared, the latter incorporating neo-Hookean elasticity. Equilibrium
configurations of deformed and twinned crystals are attained numerically
via direct energy minimization. Results are in qualitative agreement with
experimental observations. a long thin twin forms asymmetrically under one
sideof theindenter, thetip of thetwinissharp and thelength of thetwinincreases
with increasing load. Qualitatively similar results are obtained using isotropic
and anisotropic elastic constants, though the difference between isotropic and
anisotropic results is greater in sapphire than in calcite. Similar results are
also obtained for nanometer-scale specimens and millimeter-scale specimens.
Indentation forces are greater in the nonlinear model than the linear model
because of the increasing tangent bulk modulus with increasing pressure in the
former. Normalized relationships between twin length and indentation force
are similar for linear and nonlinear theories at both nanometer and millimeter
scales. Twin morphologies are similar for linear and nonlinear theories for
indentation with a 90° wedge. However, in the nonlinear model, indentation
with a120° wedge produces alamellar twin structure between the indenter and
the long sharp primary twin. This complex microstructure is not predicted by
the linear theory.

(Somefiguresin this article are in colour only in the electronic version)

1. Introduction

Twinning is afundamental deformation mechanism that occursin many crystalline solids. In
thiswork, phasefield theory isused to model deformation twinning, also known as mechanical
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twinning, which is defined as twinning induced by mechanical stresses [1-3]. Deformation
twinning is henceforth simply referred to as ‘twinning’. The transformation strain associated
with twinning is a simple shear. Across the habit plane, the orientation of the Bravais lattice
differs by a reflection or rotation depending on the kind of twin under consideration. The
sheared and reoriented crystal islabeled the‘twin’, whiletheregion of crystal that maintainsits
original lattice orientation islabeled the ‘ parent’ or the‘matrix’. At the atomic scale, twinning
takes place by coordinated movement of partial dislocations (i.e. twinning dislocations) and/or
atomic shuffles [2]. A finite surface energy can be associated with the twin boundary, often
estimated on the order of the appropriate stacking fault energy [4]. Theinterfacial energy of a
growing or shrinking twin can also include elastic and core energies of twinning dislocations
comprising such interfaces, often labeled ‘incoherent interfaces’ [1]. Although exceptions
exist, deformation twinning is often a preferred deformation mechanism in crystals with low
stacking fault energy and/or low crystallographic symmetry [2].

Twinningin calcite (CaCOj3) wasextensively characterized viaanumber of experimentsin
the mid-20th century [1, 5-11]. At room temperature, dislocation glide does not occur readily
incalcite, but twinning can occur profusely [10]. Thus, calciteisanideal material for validation
of models of deformation twinning, since twin morphologies can be observed using optical
measurements (a benefit of calcite’s transparency), and since dislocation-mediated plasticity
need not be addressed.

A number of experimental studies of twinning in calcite considered indentation loading,
either with knife-edge indenters [5, 7, 9] or with spherical indenters[8]. Calcite crystalswere
oriented such that the direction of twinning shear was parald to the loading direction and
the habit plane normal was perpendicular to the loading direction. Twinning under such
conditions was often reported to be ‘elastic’, that is, twins under the indenter disappeared
fully or partially upon load removal [1,5, 8, 11]. Twins originated at the contact surface and
were reported to be thin with a sharp tip or apex as shown in figure 1, with the length of
the twin increasing with increasing load. Twins could be maintained in a stable position (i.e.
held at a constant length) when the load was held fixed, with measured sizes reported on the
order of micrometers to hundreds of mm depending on the magnitude of applied load and
type of indenter geometry [1,5, 8, 11]. When the calcite crystals exhibit no surface defects,
twins appear only after athreshold load is applied, whereas twins can appear immediately (i.e.
upon application of aminimal load) at surface imperfections when the crystals exhibit such
defects[8]. Thetitle of thiswork is motivated by the transparency of calcite (and sapphire, as
discussed | ater) which enables direct optical observation of elastic twinning during indentation
loading. Appearance and disappearance of elastic twins cannot be visually observed within
opaque materials such as metals.

Previous analytical models have offered apartial description of physics of elastic twinning
under concentrated loading but cannot be categorized as fully predictive in terms of twin
morphology or elastic fields. Lifshitz [12]—see summary of model in English language
in [1]—incorporated a nonlinear elastic law (with non-convex energy density) and showed
that atwo-dimensional twin of finite thickness should terminate within the material at acorner
point with zero aperture angle, i.e. a sharp cusp. This theory [1,12] does not incorporate
dislocation mechanics or any quantitative value of interfacial energy and does not enable
prediction of the size of the twin, but it does give qualitative information regarding the twin's
equilibrium shape.

A different theory developed by Kosevich and colleagues[1, 9, 11] assumes a priori that
the twin is long and thin and can be modeled as a one-dimensional continuum elasticity
problem. This theory considers, for equilibrium, a balance of forces of linear elastic origin,
Peierls forces [13] associated with lattice friction, and surface tension forces that resist the
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Figure 1. Wedge-shaped twin in calcite, after Kosevich and Boiko [1]. Twin appears only under
left side of indenter because shear deformation under right side is directed in anti-twinning sense.

formation of stacking faultsin the region of extension of thetwin (i.e. at thetip). Linear elastic
forces are assumed to arise from a continuous distribution of twinning (partial) dislocations
comprising the interface. The thickness of a one-dimensional twin at a point isrelated to the
dislocation density distribution. Phenomenological parametersin thistheory can be prescribed
so that the analytical solution matches experimental measurements of twin length and applied
indentation force[1, 9, 11], but the theory cannot be regarded as fully predictive because such
parameters are not obtained from independent measurements.

Crystal plasticity-type models have also been developed to describe twinning. In such
models, the volume or mass fraction of a given material element occupied by twins belonging
to one or more twin systems is treated as an internal state variable that evolves with
thermomechanical loading via akinetic law. Transformation kinetics are typically controlled
by driving stress and/or temperature. These models are useful for describing texture evolution
[14, 15] and macroscopic stress—strain behavior [3, 16-18]. A crystal mechanics approach has
also been used to predict subgrain twin morphology in 3D polycrystal simulations [19].

In this paper, a phase field theory for twinning developed recently by the authors [20] is
used. Inany given simulation, twinningisrestricted to occur on only onetwin system. Anorder
parameter gauges the magnitude twinning shear on this system at any location in the problem
domain. The general form of the model in [20] accounts for large deformations, nonlinear
and anisotropic mechanical elastic properties, and anisotropic surface energy associated with
twin boundaries. Equilibrium configurations of deformed and twinned crystals are attained
via direct energy minimization. The theory is framed in the null temperature (i.e. 0K) limit,
with no account of dissipation or irreversibility. Model assumptions of static equilibrium
and null dissipation are deemed particularly appropriate for a study of ‘elastic’ twinning in
indented calcite. Apart from the geometry of the twin system (shearing plane, direction and
magnitude) known a priori from the crystal structure, the only material properties entering the
present phase field model are the elastic constants which are known from experiments [21],
and the twin boundary energy and characteristic thickness, which are known from atomic
calculations [22]. Hence, the model is deemed fully predictive because morphologies and
dadtic fields associated with twinning do not result from any a priori assumptions on twin
shape or kinetics of inelastic material behavior.

In phase field modeling, interfaces between pure phases—in the present case between
twinned and untwinned regions of crystal—possess a finite thickness. Boundary value
problems incorporating diffuse interface theory are amenable to treatment with modern
numerical methods [23, 24]. In contrast, sharp interface models that address equilibrium or
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stability among phases of nonlinear elastic materials (including deformation twins) have been
examined extensively using analytical methods[25-29], and | ess so with numerical techniques.

In addition to calcite, sapphire is aso considered. Sapphire is the single crystal form of
a-aumina (Al,03), and is alternatively referred to in various literature as corundum. High-
purity sapphire, like calcite, is transparent. Results for sapphire provide a useful basis for
comparison with those for calcite. Sapphire is notably stiffer (much higher hardness and
elastic constants) than calcite. Calcite and sapphire belong to the same crystall ographic space
group; both aretrigonal. Twinning in sapphire can occur on either of two twin systems (on basal
or rhombohedral planes) [16, 18, 30, 31]; both twin systems are considered individually inthis
work. Dislocation plasticity (i.e. plastic slip) can accompany twinning in sapphire subjected to
indentation loading [32—34], since critical resolved shear stresses required to induce twinning
and slip are of the same order of magnitude [16, 18]. Because the model and results presented
here do not consider plastic slip, they represent idealized behavior. The present model would
reguire substantial changes to address kinematics and kinetics of dislocation distributions and
plastic slip [3, 16-18, 35], with corresponding dissipation.

Reported first in this paper are predictions for linear elastic behavior. In the present
phase field model [20], when elastic strains are small, the difference in driving shear stressfor
twinningisafactor ontheorder of twinning shear. Previoustheoretical studiesof homogeneous
twin nucleation [2, 36, 37] have relied on linear elasticity, presumably because analytical
solutions are not feasible for nonlinear models. The geometrically linear model considered
in this work enables direct comparison with analytical solutions of wedge indentation in
elastic and el astic—plastic material s[38—40]. Geometrically linear theory has also been applied
elsawhere towards phase field modeling of twinning [41].

Reported second in this paper are model predictionsfor afinite strain model incorporating
nonlinear elastic behavior. Results from nonlinear and linear theories are also compared
directly. Linear theory can provide qualitative insight and in some cases quantitatively
reasonable descriptions of phase transformations and twinning behavior [29]. However, in
other cases, linear and nonlinear models can yield drastically different results with regards to
both analytical/theoretical predictions [29] and numerical predictions of phase field models
[42]. Results reported in this paper demonstrate qualitative agreement between linear and
nonlinear models for some phenomena, but significant differences for others. The theory
and results presented here incorporate a neo-Hookean model [43, 44] for nonlinear elastic
behavior, thus presuming an isotropic el astic response. Such an assumption isthought justified
since differences in predictions among isotropic and anisotropic linear elastic models are not
drastic, with qualitatively similar twin sizes and shapes obtained for isotropic and anisotropic
elasticity.

The rest of this paper is organized as follows. The phase field theory is summarized in
section 2, applicable to any generic crystalline material undergoing the same deformation
mechanisms. Properties of calcite and sapphire are addressed in section 3. Numerical
application of the linear theory to indentation is discussed in section 4; application of the
nonlinear theory in section 5. Conclusions follow in section 6.

Notation of continuum mechanicsisused. Familiarity of the reader with elasticity theory
and phase field modeling is assumed; overviews of the latter include [23,24]. Vectors
and higher-order tensors are written in bold italic font; scalars and components of vectors
and tensors are written in italic font. When indicial notation is used, summation proceeds
over repeated indices. Vectors and tensors are referred to a fixed Cartesian frame of
reference, with indices in the subscript position. The scalar product of vectors a and b
isa-b = apby = aib1 + asxby + aszbsz in three-dimensional space. The outer product is
(a ® b)ap = asbp. Juxtaposition implies summation over one set of adjacent indices,
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eg., (AB)ap = AacBcp. The colon denotes summation over two sets of indices, eg.,
A B = ApBap. A T superscript denotes the transpose, e.g., Al ; = Agpa.

2. Theory

A continuum phasefield theory for twinning [20] issummarized. Thetheory for geometrically
linear kinematicsis presented first, followed by the finite strain theory.

2.1. Linear theory

Let X € Q beamaterial point. Theorder parameter functionisn (X, t), wheret denotestime.
The order parameter distingui shes between two phases: (i) the original crystal (the parent) and
(ii) the twin. Interfaces between phases are twin boundaries. Order parameter n generaly
exhibits the following values:

n(X,e) = 0VX € parent,

= 1vX € twin,
€ (0, 1)VX e twin boundaries. (1)
In linear elagticity, kinematic field variables are displacement « and its gradient
B =Vu, Bap = Vpua. %)
The distortion is split additively as
B=p5+p" ®)

where 3F istheelasticdistortion and 3" isthe stress-freedistortion associated with thetwinning
shear or twinning transformation:

B" =[em]vo s @ m. 4
The unit normal to the surface of composition (i.e. the habit plane) is m. The magnitude of
the twinning shear and the shear direction are v, and s, respectively. Thefollowing conditions
hold: m-m=s-s=1ands-m =0.

Interpolation function ¢ relates twinning distortion and the order parameter [42]:

p(n) = 30" —2n°. (5)
Notethat ¢ isamonotonically increasing function obeying ¢ (0) = 0, ¢ (1) = 1, withvanishing
derivatives with respect to n at its endpoints: ¢’ (0) = ¢’(1) = 0. Thisfunction also obeysthe
anti-symmetry conditions ¢(1 — ) = 1 — ¢(n). The symmetric elastic strain tensor is

(Vu, 1) = 3 {85+ %'}

=3 {Vu+ (V)T — polpm]ls @ m+m @ s]}. (6)
Thetotal free energy functional for abody of volume € iswritten as
(u, n) = / W(Vu, n) dQ + / f(n, V) d2, )
Q Q

where W is the élastic strain energy density and f accounts for interfacial energy. Strain
energy density and second-order elastic moduli are

W = W[eE(Vu, n), n] = 3e55CancoMecp, )
2w
Capeo() = ¢ 9)
de p0ecp o
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For a centrosymmetric structure, a re-orientation matrix @ associated with twinning is the
reflection [2, 3]

Q=1-2mQ®m, (10

with 1 the unit tensor. Elastic coefficients of the fully twinned crystal are related to those of
the parent by

Capcp (1) = Qe 08rQc6QpuCrrcH(0). (1)
Elastic coefficients in interfacial regions are interpolated as

Capcp() = Capcp(0) +[Capcp (1) — Capcp(0)] ¢(n). (12)
When isotropic elasticity is used, elastic coefficients are independent of orientation:

Capcp = A8apdcp + (8acdpp +34pd5c), (13)

with A and . the Lamé constant and shear modulus; hence in the isotropic case W does not
explicitly depend on 7.
Thelocal interfacial energy per unit volumeis

f, Vo) = fon) + k@) 1 (Vn @ Vi), (14)

with k a symmetric second-order tensor. For anisotropic surface energy, k4 (n) = kap(0) +
CQD(T))[KAB 1 — ICAB(O)], where Smllarly to (12), kag() = QacQOppkcp(0), and where
¢ € [0, 1] isascalar constant. Case ¢ = 0 considered in previous work [20] implies that the
gradient contribution to interfacial energy isinvariant with respect to  and hence the twinning
shear; condition ¢ = 1 implies that the gradient contribution depends on the transformation
of the lattice (e.g. reflection) associated with twinning. Other models have included highly
anisotropic surface energy [41]. When interfacial energy isisotropic, x = k1 and

f. V) = fon) +x|Vnl> (15)
Prescribed for fy isastandard ‘double-well’ potential:
fo(n) = An*(1 — n)?, (16)

with A > 0. Intheisotropic approximation A and « are related to equilibrium energy per unit
areaI” and thickness/ of an unstressed interface via[20]

In this work, both fu and V# contribute to what is called interfacial energy (14). This label
follows the scheme denoted in (1): by the convention used here, values of  # 0, 1 designate
‘interface’, so f = 0 wherever n = 0, 1. Other presentations may use different notation,
e.g. fo hasbeen labeled ‘deformation energy’ in another phase field model for twinning [41],
since a uniform value of the order parameter differing from zero or unity can result in afinite
energetic contribution. It is also noted that (15) with (16) constitute a simple assumption
regarding interfacial energy; more elaborate models accounting for additiona physics (e.g.
more than two variants, anisotropic dislocation core and stacking fault contributions, or grain
boundary misorientation and cusps associated with low-energy boundaries) exist [41, 45-48].

The following variational equation is posited that will yield equilibrium equations and
boundary conditions:

5\1/:% t-auds+y§ h §nds, (18)
Q2 Q2
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where t isamechanical traction vector per unit area, dS isasurface element of 9Q and i isa
scalar conjugateforceto variations of the order parameter. Euler—L agrange equations obtained
from (18) are[20]

ow aw
—| =V.e=0, 2V - (kV)+—| =0, 19
aVuly 7 Jo S Y (19
where o isthe symmetric stress tensor. Corresponding boundary conditions are
t =on, h=2k:(Vn®mn), (20)

where n is the unit outward normal to 92. The stress also obeys the usual linear elasticity
relationship

oap = Cascp EED- (21)
The second of equilibrium conditions (19) can be rewritten as

o =2ValkanVen) + ¢'{tyo+ ¢ VanVen [kap(0) — kap(D)]

+(1/2)€53eEp [Capcp(0) — Capep (D]}, (22)
where the driving shear stress for twinning is
T=o0:.(s®m). (23)

For isotropic surface and elastic energies, with ¢ from (5) and f, from (16), equilibrium
condition (22) becomes

3ryon(1—n) = An(1—3n +2n%) — k V2. (24)
Both sides of (22) and (24) vanish in regions of uniform phasewheren = 0orn = 1.

2.2. Nonlinear theory

Equations (1), (5) and (14)—(17) also apply for the nonlinear theory. Spatial = and referential
X coordinates of amateria particle are related by the motion

x = x(X,1). (25)
The deformation gradient is

F=Vx, Faa = VaXa, (26)
with V4 = 8/9X 4. The deformation gradient is decomposed multiplicatively as

F = FEF", (27)

where FE = FF"1 s the elastic deformation and F[5(X, r)] represents the stress-free
twinning shear. For twinning on a single system, the following form applies:

F'=1+[p(m] yo s @ m. (28)
The unit (identity) tensor is 1. The symmetric elastic deformation tensor is

CE = FE'FE, CE, = FEFE,. (29)
Twinning isisochoric:

JT=det F" = 1+[p()] yo s -m = 1. (30)
It follows that

J=det F =det FEdet F" = J&J" = JE = V/det CE. (31)

7
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The total energy functiona for abody of initial (i.e. undeformed) volume Q is

Wix, n)=/QW(F, n)dmfﬂf(n,vmdsz, (32)

where W is the elastic strain energy density and f accounts for interfacial energy. For a
neo-Hookean material [44] , strain energy density

W = W[CE(F, )] = %(trCE —3)+InJ (% InJ — M) ) (33)

For a (deviatoric) simple shear deformation gradient, the response of a neo-Hookean material
isthesame asthat for alinear elastic material with the same shear modulus. On the other hand,
when large volume changesareinvolved, predictions of neo-Hookean and linear elastic models
can differ significantly. Specifically, aswill be demonstrated later in section 3, aneo-Hookean
model can describe the usual increase in tangent bulk modulus with increasing compressive
pressure.

The following variational equation is posited that will yield equilibrium equations and
boundary conditions:

Slllzﬁ t~8de+‘<ﬁ h énds, (39
a0 a0

where t is a mechanica traction vector per unit reference area, dS is a surface element of
92, and h isascaar conjugate force to variations of the order parameter. Application of the
divergence theorem, integration by parts, and localization of (34) lead to the Euler—Lagrange
equations [20]:

oW aw

V~3—FH=V~P=O, fé—ZKVZn+WF=O, (35)
with P the first Piola—Kirchhoff stress. Corresponding boundary conditions are
t = Pn, h=2Vn-n, (36)
where n isthe unit outward normal to 9€2.
The first Piola—Kirchhoff stress satisfies
_OWy _9W L 9CE OFF| e T (37)

T OFl,  9CE OFE " OF Iy
The following kinematic identities prove useful for neo-Hookean elasticity:

-1
0 InJ 1 -1 aCEaX -1 -1 E-1.g-1
s =29 0 Grg T TeCumeCae (38)
The symmetric elastic second Piola—Kirchhoff stressis obtained from (33) and (37) as
ow -1
The second of equilibrium conditions (19) can be rewritten as
fo=2cV2n +tyep, (40)
where the driving shear stress for twinning is
1 aw 1 oW 3CE(F,n)
T=-— -— = :
yog' an lF yop' ICE an IF
=3 :[CE(s@m)F" 1. (41)

Using (5), (16) and (41), equilibrium condition (40) can then be written asin (24).

8
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It can be shown [20], given certain boundary conditions, that a (meta)stable configuration
of a body undergoing twinning corresponds to a (local) minimizer of energy functional W
of (32). Thus the mathematical problem of interest whose solution is sought numerically, as
described later in sections 4 and 5, can be stated simply as

minW(x, n). (42)
XN

3. Materials

Relevant behaviors of calcite and sapphire are discussed; requisite material properties
associated with elasticity and twinning in each material are tabulated.

3.1. Calcite

Calciteis a stable low-temperature polymorph of calcium carbonate (CaCOg), and isan ionic
crystal with trigonal (i.e. rhombohedral) symmetry [49, 50]. Transparent single crystals are
asocalediceland spar. Information regarding the primitiveunit cell and requisite propertiesof
calcitearelisted in table 1 with supporting references. Calcite belongsto space group R3¢ and
centrosymmetric point group 3m. The primitive rhombohedral unit cell is described by lattice
parameter ¢ and bond angle «. The primitive cell contains ten atoms (two CaCO3 formula
units); severa additional parameters are needed to fully describe the polyatomic structure
and can be found elsewhere [50]. Hexagonal crystallographic notation is sometimes used to
describe calcite [14, 36, 50], which exhibits four different kinds of twin systems[22]. For the
€" system considered here, the shear islarge: y9 = 0.694. Miller indices shown in figure 1
for shearing direction and habit plane, (001){11 0}, correspond to the cleavage rhombohedral
pseudocell [51] rather than the primitive unit cell of the Bravais|attice.

Twin boundary surface energy isobtained from lattice statics (0 K) cal culations conducted
elsewhere [22] using an empirical potential [52]. In most phase field simulations discussed
later, surface energy is assumed isotropic, following usual theoretical studies[36, 37], but in
one case anisotropy of the surface energy is considered. In amaterial coordinate system with
axes aligned parallel to twinning direction and habit plane normal (X4||m and X>||s), the
gradient coefficient entering (14) is written [20, 41] as

K11 0
[x] = |: 0 K22i| . (43)
Intheisotropic case, k11 = k2 = k. Theanisotropic case considered later iSxko = 411 = 4k,
which would seem to favor boundaries extended parallel to the habit plane. Recall from (17)
that surface energy I' o« k2. The rationale for anisotropic surface energy is that twinning
dislocationsat amoving portion of the boundary (i.e. anincoherent interface[1, 20, 41]) would
contribute core and elastic energiesto the total surface energy of theinterface. In contrast, the
fully formed (i.e. coherent) twin boundary surface would have less energy than such amoving
portion because it does not contain energy of dislocations, just stacking fault energy associated
with reflection of the lattice across the twin boundary. Anisotropic values considered here are
anticipated to cause the twin to elongate in the direction of s and shorten in the direction of
m, in order to decrease the contribution of k2 (V.1)? to the energy in (14). It is also assumed
that x does not depend on n and hence ¢ = 0in (22).

Equilibrium thickness ! over which atoms deviate from their ideal positionsis chosen as
1nm, corresponding to about five {110} planes. This value follows from atomic simulations
of twin boundariesin calcite [22], where it is reported that the relaxed crystal structure differs

9



Modelling Simul. Mater. Sci. Eng. 19 (2011) 085005 JD Clayton and JKnap

Table 1. Properties of calcite single crystals.

Parameter  Value Definition Reference
a 6.201 lattice parameter (A) [50]
o 48.3° rhombohedral angle [50]
Y0 0.694 shear for €* twin [14, 36]
Cu 165.4 (148.1) elastic constants 0K (300K) (GPa)  [21]
C12 65.0(55.8)
C13 61.6(54.6)
Cua —22.8(—20.6)
Ca3 89.5(85.6)
Cu 36.6(32.7)
A 61.7(54.6) Lamé modulus 0K (300K) (GPa)
I 40.2(36.7) shear modulus 0K (300K) (GPa)
K 88.5(79.1) bulk modulus 0K (300K) (GPa)
(73.5) [54]
K’ 4.0 (0K /3p)p=0 [54]
r 183 twin boundary energy (mJm~2) [22]
1 10 twin boundary thickness (nm) [22,42]

from that of the bulk mainly over five atomic layers. The same characteristic thickness value
(1 nm) has also been used in phase field models of other crystalline materials [20, 42].

Voigt's notation [3, 53] is used for elastic constants in table 1. In simulations discussed
later, both isotropic and anisotropic elasticity models are considered. In the former, Voigt-
averaged elastic constants [3, 4, 53] are used:

A= £(C1y +5C1 +8C13+ Cxs — 4Cu), (44)
1= 2 (7C1y — 5C12 — 4C13 + 2C33 + 12C4y). (45)
Elastic anisotropy of calciteissignificant: Cs3 ~ 0.5C11, C14 & —0.6C44 and Cyg =~ 0.7Cg.
Recall also that for the trigonal crystal class of calcite, Cox = C11, Co4 = —C14 and

2Ces = C11 — Cy2. In simulations that follow, elastic constants measured at 160K [21]
are extrapolated to OK for usein idealized simulations of twinning at the nanoscale (indenter
size on the order of nm), in strict adherence to the theoretical model of section 2 and [20]
that does not consider dissipation or thermal phenomena. Zero temperature solutions are also
more amenable to comparison with predictions of lattice statics[22]. On the other hand, room
temperature elastic constants are used in later simulations of indentation at the [aboratory scale
(indenter size on the order of mm).

To validate the use of a neo-Hookean model for calcite, the response of the material
under purely volumetric deformation, F = J/31, is computed and compared with the
linear elastic response and that for the Birch equation of state (EOS) [55], where the latter
incorporates the bulk modulus K and the pressure derivative of the bulk modulus K’ measured
experimentally [54]. Specifically, Cauchy pressure p iscomputed for each elastic constitutive
model via

p=K1-1J) (linear elasticity), (46)
p=u(J =73 —xstInd (neo-Hookean), (47)
p= 371(1—7/3(1 —J723) [1 + Z(K’ —A)(JB - 1)} (Birch EOS). (48)

Results of the calculations for calcite are compared in figure 2(a). In each case, the pressureis
normalized by the same value of Voigt-averaged bulk modulus from table 1, Ky = 79.1 GPa.
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Figure 2. Cauchy pressure (normalized by Voigt-averaged bulk modulus) versus volumefor linear
and nonlinear elasticity models of (a) calcite and (b) sapphire.

Close agreement is observed between predictions from the neo-Hookean model to be used in
simulations and those from the Birch EOS that is fit to experimental data[54]. Note that the
response for each of the two nonlinear models is stiffer than that of linear elasticity at higher
pressures.

A polymorphic phase transition from trigonal to amonaoclinic structure has been observed
in cal cite deformed under hydrostatic compression at pressuresonthe order of 1.5 GPa[54, 56].
Evidence of such a phase transformation has not been reported for indentation experiments
on calcite[1,5, 7-11]. However, it is plausible that such a transformation could occur, given
the high pressures that exist immediately beneath the indenter that can easily exceed the
transformation pressure. For awedge indenter with a sharp tip, the analytical elastic solution
(linear elasticity, in the absence of twinning) suggests that the pressure immediately beneath
thetip of thewedgetendstoinfinity [38, 40]. The phasefield theory and simulations described
in thiswork do not address the possihility of this phase transformation in calcite.

3.2. Sapphire

Sapphire is a stable low-temperature polymorph of alumina (Al,O3), and like calcite exhibits
trigonal symmetry [18,30]. Sapphire is aternatively known as a-Al,03 or corundum;
nominaly colorless when pure, sapphire with trace amounts of secondary elements often
exhibits blue or red tints, with red corundum commonly called ruby. Information regarding
the primitive unit cell and requisite properties of sapphire are listed in table 2. Like calcite,
sapphire belongs to space group R3c and centrosymmetric point group 3m. The primitive cell
containsten atoms (two Al,O3 formulaunits); several additional parametersare neededtofully
describe the polyatomic structure [30]. Hexagonal crystallographic notation is typically used
to describe sapphire [16, 18, 30], which exhibits two kinds of twin systems [16, 18, 30, 31].
The basal (B) system corresponds to (1100){0001} in the structural unit cell [30], and the
shear islarge: y = 0.635. The rhombohedral (R) system correspondsto (1101){1102} in
the structural cell, and the shear is somewhat smaller: y, = 0.202.

Again, both isotropic and anisotropic elasticity models are considered. In the former,
Voigt-averaged elastic constants [53] are used. Elastic anisotropy of sapphire is mild:
Ca3 ~ Cy1, C1q4 = 0.16C44 and Cyq ~ 0.9Cgs. In the simulations that follow, temperature
dependence of elastic coefficients where available [57] is used to provide 0K constants for
use at the nanoscale; room temperature constants [58] are used in simulations of indentation
at the laboratory (mm) scale. Following [3, 4, 16, 18], surface energies of twin boundaries are
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Table 2. Properties of sapphire single crystals.

Parameter  Value Definition Reference

a 5.12 | attice parameter (A) [30]
55.3° rhombohedral angle [30]

Y0 0.635 shear for basal (B) twin [30]
0.202 shear for rhombohedral (R) twin [31]

Cn 500.0(498.0) elastic constants OK (300K) (GPa)  [57,58]

Ci2 167.8(163.0)

Ci3 120.5(117.0)

Cia 23.7(23.0)

Cs3 502.0 (502.0)

Cas 151.0(147.0

A 146.7 (144.2) Lamémodulus OK (300K) (GPa)

"w 166.5(165.7)  shear modulus 0K (300K) (GPa)

K 257.7(254.7)  bulk modulus 0K (300K) (GPa)

(254.4) [61]
(239.0) [62]

K’ 43 (3K /9p) p=0 [61]
0.9 [62]

r 745 B twin boundary energy (mdm—2)  [60]
125 R twin boundary energy (mdm—2)  [59]

1 10 twin boundary thickness (nm) [63,42]

estimated ashalf of corresponding stacking fault energies, thelatter determined experimentally
[59] or through atomic modeling [60].

Use of a neo-Hookean model for sapphire is validated for volumetric compression
deformationin figure 2(b), where pressures are computed asin section 3.1. Pressures obtained
from the neo-Hookean model are intermediate to those from the Birch EOS fitted to two
different sets of hydrostatic compression experiments[61, 62]. The Birch EOSwith K and K’
from [62] gives predictionsvery similar to alinear elastic model incorporating Voigt-averaged
bulk modulus K\, = 254.7 GPa.

Althoughinconclusiveevidenceexistsfrom shock compression experiments[64], sapphire
may undergo a solid-solid phase transformation at pressures in excess of 79GPa. Evidence
of such atransformation has not been reported in indentation experiments involving twinning
[32-34], thoughitisconceivablefor such high pressuresto beachieved for very sharpindenters.
Thepossibility of such ahigh-pressure phasetransformationin sapphireisomittedinthepresent
phase field simulations.

4. Phasefield simulations: linear theory

Simulations of wedgeindentation into cal citeand sapphire using thelinear theory of section 2.1
are described. Numerical results are analyzed.

4.1. Boundary value problem

The problem of study isillustrated in figure 3. Simulations are two-dimensional (plane strain).
A rigid, wedge-shaped indenter of angle ¢ is pressed to a depth § into a calcite or sapphire
substrate of nominal dimensions 50 nm x 75nm. Theindenter isrounded at thetip to aleviate
extreme deformation that would occur with a perfectly sharp indenter; the analytical elastic
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Figure 3. Wedge indentation.

substrate

solution (no twinning) for frictionless contact [38—40] indicates that the pressureimmediately
under theindenter tip would beinfinitefor aperfectly sharp indenter. Wedgeanglesof ¢ = 90°
and ¢ = 120° areconsidered. The shear strain under theindenter isy ~ tan(90° — ¢ /2), about
1 for the 90° wedge and about 0.58 for the 120° wedge. The substrateisrigidly bonded to the
indenter along the line of contact. It isnoted that this boundary condition isan idealization; in
areal experiment, some slip would be expected to occur between indenter and substrate. For
ductile materials and unlubricated indenters, a stick condition as considered here may be more
appropriate than diding/frictionless contact [40, 65]. The finite element software used for
the simulations reported here does not presently include the capability to address multi-body
contact or friction interactions. If and when such capabilities are added in the future, effects
of friction coefficient on indentation can be studied.

Free boundary conditions (i.e. ¢t = 0 and & = 0) are applied along the remainder of the
top surface not in contact with the wedge. Recall from (20) that # is the force conjugate
to variations in the order parameter; 2 = 0 is the logical boundary condition for a surface
free of thermodynamic force associated with the phase field, just as ¢ = 0 is the logical
condition for a surface free of mechanical force associated with displacements. These free
boundary conditions permit the order parameter and displacement to vary along the surface
as an outcome of the solution. Condition 2 = 0 is aso applied along the interface between
indenter and substrate, which permits formation of atwin at the surface immediately beneath
the indenter, as observed in experiments [1] (figure 1). Fixed boundary conditions(i.e.uw = 0
andn = 0ondQ) areapplied along theleft, right and bottom sides of the substrate. Prescription
of alternative conditions # = 0 along left, right and bottom sides did not affect the solution.
The lattice orientation of the substrate in each caseis such that the direction of twinning shear
isparallel to the direction of indentation loading.

Ainitial displacement field u, isapplied to material beneath theindenter to prevent element
overlap or inversion during initial conjugate gradient iterations. A defect (n = 1) of small
size(radius ~ 5A) underneath the indenter istypically assigned asan initial condition. When
no initial defect is prescribed, twin(s) do not always nucleate in the numerical simulations.
Mathematically, this phenomenon is understandabl e from examination of (22) and (24), which
can be satisfied when = 0 everywhere, even though the total energy of asystem with atwin
(i.e. with n > 0 somewhere in ) may be less than that in which no twinning occurs. In other
words, conditionn = 0everywheremay correspond to ametastablesolution. The phenomenon
isalso physicaly redlistic: Garber and Stepina[8] found that twins nucleated immediately with
negligibleloadswhen surface defectswere present, but required much greater indentation force
to nucleate when surface defects were absent.

The numerical solution technique incorporates finite element discretization and conjugate
gradient energy minimization [20]. Solutions of weak forms of equilibrium equations in
section 2 are obtained, with order parameter n and displacement » the nodal degrees of
freedom. For the boundary conditions prescribed here, equilibrium solutions corresponds
to minima of energy functional W asin (42).
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Table 3. Phase field simulations (linear).

Case Materia Twin CaBcp KAB ¢ Scale

1 CaCOg3 et I sotropic Isotropic 90° Nanoscale
2 CaCO3 et Isotropic Isotropic 120°  Nanoscae
3 CaCOg et I sotropic Anisotropic ~ 90° Nanoscale
4 Al,O3 B Isotropic Isotropic 90° Nanoscale
5 Al>,O3 R Isotropic Isotropic Q0° Nanoscale
6 CaCOg3 et | sotropic Isotropic 90° Lab scale
7 Al;O3 B | sotropic |sotropic 90° Lab scale
8 Al>,O3 R | sotropic Isotropic 90° Lab scale
9 CaCO3 et Anisotropic  Isotropic 90° Nanoscale
10 Al>,O3 B Anisotropic  Isotropic Q0° Nanoscale
11 Al,O3 B Anisotropic  Isotropic 90° Lab scale

Linear (i.e. threenode) triangul ar finite elementsare used, with significant mesh refinement
underneath the indenter. Element size in such regions is ~1A, sufficient for resolution of
gradientsin order parameter at twin-parent interfacesby 10+ finiteelements. Resultsof interest
are insengitive to further increases in mesh density. Indentation depth § is varied nominally
from 0.25nm to 4.75nm in increments of 0.5nm. For each increment, initial conditions are
re-applied, and then the conjugate gradient algorithm is used to determine equilibrium order
parameter and elastic fields.

Absolute indentation force P is computed by summing vertical nodal forces contributing
to ¢, along the contact line. Absolute length L of the twin is determined by the X, coordinate
at the tip demarcated by thelocal conditionn > 0.1. In most cases, increasing the thickness of
the substrate above 75 nm resultsin very little changeto P or L; any exceptions are discussed
later in the context of the corresponding results.

Simulations discussed in sections 4.2 and 4.3 focus on nanometer-scale twins, i.e.
nucleation phenomena. Length scalesinvolved are in agreement with previous studies of twin
nucleation [2, 20, 36, 37]. Twins modeled by Kosevich and colleagues using one-dimensional
theories[1, 9, 11] areidealized with minimum thickness on the order of theinterplanar spacing
(<1 nm), and hence aso describe nanoscopic phenomena, though the length of twins studied
in such analytical models may be orders of magnitude larger. Using the present phase field
approach, much larger (i.e. laboratory scale, dimensions of mm) twins can also modeled by
careful scaling of the size of the indenter and substrate, the mesh density and the gradient
energy parameter «, such that the finite element mesh is able to resolve the thickness of twin
boundary interfaces. This effort to model |aboratory scale as opposed to nanoscale twins is
described in section 4.4.

Table 3 lists ssimulations discussed in forthcoming parts of section 4. Solutions obtained
using isotropic elaticity are grouped into cases 1-8 because these will be analyzed together
later. Cases 9-11 consider anisotropic elasticity.

4.2. Isotropic elasticity

Contoursof order parameter fieldsfor cases 1, 2, 4 and 5 areshown infigure 4. Thenormalized
indentation depth is A = 4.75 for all casesin figure 4. Normalized (dimensionless) depth,
normalized indentation force per unit out-of-plane length, and normalized twin length are
defined, respectively, as

1) P L
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Figure 4. Order parameter n field for isotropic elastic solutions at the nanoscale at indentation
depth A = 4.75: (a) case 1: calcite, €* twin, 90° wedge. (b) Case 2: calcite, e* twin, 120° wedge.
(c) Case 4: sapphire, B twin, 90° wedge. (d) Case 5: sapphire, R twin, 90° wedge.

Effective Young’'s modulus £, Young's modulus E and Poisson’sratio v are

E A+ 2 A
P D)

m7 )\+/,L 5 Vzm. (50)

The definition of £ is motivated by the analytical linear elastic solution (with no twinning
and frictionless contact) [38-40], wherein the mean contact pressure between indenter and
substrateis pm = E cot(¢/2).
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(a) (b)

Figure 5. Normalized indentation force versus indentation depth (a) and normalized twin length
versus force (b) for isotropic elastic constants.

In each case, a primary twin forms under the left side of the indenter, where the driving
shear stressfor twinning = of (23) ispositiveinsign. Directly under theright side of thewedge,
T isnegativein sign, since the shear strain isdirected in the anti-twinning sense with respect to
the orientation of thetwin system. Thesharptip predicted for e* twinningin calcite agreeswith
observations from indentati on experiments conducted from the 1930sto the 1970s[1, 5, 8, 11].
Long, lenticular-shaped micro-twins in indentation of sapphire have been reported [32]. The
predicted sharp tip also verifies that described by the early analytical solution of Lifshitz [12].

Also noteworthy are the secondary twins that form at the edge of the indenter (right side)
where the shear deformation is directed in the twinning (as opposed to anti-twinning) sense.
This phenomenon is reminiscent of the appearance of twins near the outer edge of spherical
indenters reported by Garber and Stepina[8].

Comparing figure 4(a) with figure 4(b), alonger twin is produced in calcite, for the same
A, when an indenter with larger wedge angle is used. Comparing figure 4(c) with figure 4(d),
for the same A, arhombohedral (R) twin is significantly longer than a corresponding basal
(B) twin in sapphire. Recall from table 2 that the shear y;, for B twinning is larger than that
for R twinning (0.635 versus 0.202) as is the surface energy I" (745 versus 125mJm~2). The
twinning shear for calciteis 0.694 (table 1). Comparing figure 4(a) with figures 4(c) and (d),
for the same A and wedge angle, €" twinsin calcite and B twinsin sapphire are much closer in
length and appearance than are R twinsin sapphire. It is suggested that larger/longer R twins
are required to achieve comparable relaxation in elastic strain energy than B twins because of
the smaller stress-free shear y, in the former.

Another interesting featurein figure 4() isthethin boundary layer at the surface of contact
under the left side of the wedge where n < 1. This layer appears because the imposed shear
strain directly under the 120° indenter is about 0.58, which is less than the transformation
shear 0.694 for calcite. On the other hand, for indentation by 90° wedges, the imposed shear
strain is about 1, which is greater than y;, and hence complete transformation with n = 1is
energetically favorable along the contact boundaries under the left sides of the 90° wedges.

Indentation force versus depth is shown in figure 5(a) for cases 1-8, along with force
versus depth for pure elastic solutions (i.e. no twinning). Resultsfor no twinning are obtained
for 90° wedges. Twinning induces a significant reduction in force relative to pure elasticity.
Use of a120° wedge (case 2) rather than a 90° wedge produces a larger force because of the
former’slarger contact area. Infigure 5(a), force-versus-depth datafor 90° wedge indentation
with twinning collapse to nearly the same curve when normalized to dimensionless form by
the appropriate quantities via (49).
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Twin length versus indentation force is shown in figure 5(»). In all cases, twin
length increases monotonically with increasing force or with increasing depth of indentation.
Behavior issimilar for €" twining in calcite and B twinning in sapphire. On the other hand, R
twins in sapphire are significantly longer under the same normalized force. It was found that
for twin lengths A < 50, interaction with therigid lower boundary 92 of the domain does not
affect thetwin length (recall n = Oisimposed on X, = 0). For the R twin, the two data points
corresponding to the largest values of A indicate some influence of the lower boundary, which
tends to repel and hence shorten the twin. Perhaps most noteworthy from figure 5(b), for e
twinning in calcite and B twinning in sapphire, twin length versus force for wedge indentation
reduce to nearly the same curve when normalized via (49).

It was remarked in section 3.1 that the choice of anisotropic surface energy in (43) might
facilitate more elongated or sharper twins, as was observed for the problem of homogeneous
twin nucleation in previous work [20]. Comparing cases 1 and 3, use of anisotropic surface
energy in (43) with energy per unit area differing by a factor of ~2 in directions paralléel
and perpendicular to the habit plane results in negligible differences in force and length, and
contours of n are aso negligible between cases 1 and 3 (not shown). Thus, the present
results suggest that anisotropic surface energy does not significantly affect predicted twin
morphology during wedge indentation, at least for the materials and ranges of physical
parameters considered here.

4.3. Anisotropic elasticity

Contours of order parameter n are compared for anisotropic and isotropic elastic constants
in figure 6. Shown are results for 90° wedges at an indentation depth of A = 4.75.
Qualitatively, with regards to twin shape, predictions of anisotropic and isotropic models
agree. Use of anisotropic elasticity produces a somewhat shorter €* twin in calcite than does
the corresponding isotropic model (figures6(a) and (b)). Useof anisotropic elasticity produces
adlightly longer B twin in sapphire than does the corresponding isotropic model (figures 6(c)
and (d)). Recall from section 3 that elastic anisotropy (interms of ratios of elastic constants) is
significantly greater in calcite than sapphire; however, relative influences of anisotropy on the
indentation solutions might also be influenced by other factors such as differencesin twinning
shear y, and different surface energies prescribed for the two materials.

Normalized indentation force versusindentation depth for 90° wedgeindentationis shown
infigure 7(a) for * twinning in calcite and B twinning in sapphire. All curves except that for
anisotropic calcite coincide; the indentation force tends to be lower in the latter. Normalized
twin length versus indentation force are shown in figure 7(), again for €* twinning in calcite
and B twinning in sapphire. All results collapse to nearly the same monotonically increasing
(and nearly linear) relationship.

4.4. Scaling to laboratory dimensions

Modeling twin nucleation and growth at dimensions of millimeters or larger, i.e. at |aboratory
scales corresponding to traditional indentation experiments[1, 5, 8, 11], is not feasible without
proper scaling of the interfacial thickness. Resolution of an interface of thickness/ of 1 nm,
as considered in nanoscal e simulations discussed in sections 4.2 and 4.3, requires anumerical
discretizationwith finiteelements of sizeontheorder of 1 A; discretization of adomain of 1 cm?
would require ~10% such elements, for example. In phase field calculations, the pragmatic
idea of treating the interface as having an adjustable or scalable thickness has been used
often for modeling larger systems[23, 24]. Following such an approach, here the equilibrium
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Figure 6. Order parameter  field for isotropic and anisotropic elastic solutions at the nanoscale
at indentation depth A = 4.75 with 90° wedge: (a) case 1: cacite, €* twin, isotropic elasticity.
(b) Case 9: calcite, €* twin, anisotropic elasticity. (c) Case2: sapphire, B twin, isotropic elasticity.
(d) Case 10: sapphire, B twin, anisotropic elasticity.

interfacial thicknessis scaled to ! = 1 mm, an increase by a factor of 10° above the value of
1nm used in sections 4.2 and 4.3. In other words, in the scaled model, the equilibrium width
of the twin boundary is~1 mm. Recall that 1 nm corresponds to a distance over which atoms
deviate from their ideal positionsin atomic simulations of twin boundaries [22].

To achieve the desired scaling ! — F 1, values of constantsin (17) are adjusted as

K — F, A— A, (51)
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Figure 7. Normalized indentation force versus indentation depth (a) and normalized twin length
versus force (b) for e* twinsin calcite and B twinsin sapphire.

where in this particular case, f = 10°. The transformation in (51) preserves the ratio of
interfacial energy to strain energy on a per-unit-volume basis; W of (8) and fy of (16) are
unchanged:

W — W, fo g fo. (52)

The gradient contribution to interfacial energy per unit volume f in (15) is also unchanged
since

vV — V/F, K|Vl = (F2)1(Vn/F)% = k| V|2 (53)

In laboratory (millimeter) scale simulations discussed next, room temperature (as opposed to
0K) elastic constants are used, to better mimic ambient test conditions.

Representative results are compared in contour plots of n in figure 8. In figure 8(a),
nanoscale results are shown, and absolute substrate dimensions are 50nm x 75nm. In
figure 8(b), laboratory scale results with parameters modified via (51) are shown, and
dimensions are 50mm x 75mm. Close similarity between cases 1 and 6 in figures 8(a) and
(b) (calcite, e twin, isotropic el asticity) demonstrates the ability of the scaling to produce self-
similar resultsfor linear elasticity. Differencesintwinlength between figures8(a) and (b) area
consequence of theincreasein compliance of the el astic constants at room temperaturerelative
to OK. As shown in figure 5, data for indentation force versus depth and twin length versus
indentation force are nearly identical when normalized to dimensionless form. For example,
compareresultsfor cases1 and 6 (cal cite) and cases4 and 7 (sapphire, B twin). Closesimilarity
between cases 10 and 11 (sapphire, B twin, anisotropic elasticity) demonstrates the ability of
the scaling procedure to produce self-similar results for anisotropic elasticity.

Limitations of the above scaling method should be noted. Per unit volume, the ratio of
interfacial energy to strain energy is maintained by the scaling procedure: both W and f
entering (7) are unchanged by the scaling. This explains why solutions obtained by energy
minimization appear nearly identical in figure 8: the same problem (with different units) is
essentially solved in each case. However, per unit area, energy associated with the interfaceis
increased by afactor of F. Interfacial energy per unit volume is energy per unit area divided
by thickness. Because interfacial thicknessisincreased by a substantial factor (i.e. £), small
features cannot be resolved in absolute dimensions.

The present model predictions would benefit from quantitative comparisons with
experiments.  Such comparisons are presently inhibited by limitations in reporting of
experimental geometry and data. Regarding theformer, itistypically stated that a‘knife edge’,
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Figure 8. Order parameter n field for solutions at nanometer and millimeter scales at indentation
depth A = 4.75 with 90° wedge: (a) case 1: calcite, € twin, isotropic elasticity, I = 1nm.
(b) Case 6: calcite, " twin, isotropic elasticity, I = 1 mm.

‘chisdl’, or ‘wedge’ is used to produce an elastic twin in calcite, but the wedge angle (i.e. ¢
of figure 3) is not reported [1, 9, 7, 11]. Results of measurements of force versus twin length
are given only implicitly as parameters entering dislocation models [9, 11]; raw force versus
length data enabling comparison with the present predictions are apparently unpublished.
Data are available for spherical indentation of calcite [6]; however twinning under spherical
indentation requires 3D modeling outside the scope of this work. New experiments studying
effectsof wedgeanglesasreported in detail for other el astic and plastic material s[39] would be
useful. It isreiterated that predictions reported here do agree qualitatively with experimental
observations: along thin twin forms under one side of the indenter, the twin tip is sharp, and
the twin length increases with increasing applied load.

5. Phase field simulations: nonlinear theory

Simulations of indentation using the nonlinear theory of section 2.2 are described; numerical
results are analyzed and compared with those from the linear theory.

5.1. Boundary value problem

The sameindentation boundary val ue problemsdescribed in section 4 are considered hereinthe
context of thefinite strain model of section 2.2. The numerical solution techniqueincorporates
procedures nearly identical to those discussed in section 4.1. Solutions of weak forms of the
equilibrium equations in section 2.2 are obtained, with order parameter » and displacement
u = x — X the nodal degrees of freedom. For the boundary conditions prescribed here, the
equilibrium solution corresponds to a minima of energy functional ¥ asin (42). In afew
exceptional cases involving large indentation depths in sapphire, converged solutions could
not be obtained for all increments; in those cases, solution data shown in subsequent figuresis
necessarily limited to that available from converged solutions. For simulations incorporating
the geometrically nonlinear neo-Hookean model, it was found that accelerated convergence
towards equilibrium solutions coul d often be obtained by using the corresponding linear el astic
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Table 4. Phase field simulations (nonlinear and linear).

Case Materid Twin  Model ¢ Scale

1 CaCOs3 e Nonlinear ~ 90° Nanoscale
2 CaCOs3 et Linear 90° Nanoscale
3 Al>,O3 B Nonlinear  90° Nanoscale
4 Al,O3 B Linear 90 Nanoscale
5 Al>,O3 R Nonlinear  90° Nanoscale
6 Al,O3 R Linear 90° Nanoscale
7 CaCO3 et Nonlinear  120°  Nanoscale
8 CaCOs3 e Linear 120°  Nanoscde
9 Al,O3 B Nonlinear  90° Lab scale
10 Al>,O3 B Linear 90° Lab scale

phase field solutions reported in section 4 asan initial guess. Thisinitialization procedure was
used to obtain many of the nonlinear phase field solutions discussed later involving relatively
large indentation depths. 1t was found that the same final equilibrium solution was obtained
using thisinitialization method or the initial conditions described in section 4.1.

Simulations discussed in sections 5.2 and 5.3 focus on nanometer-scale twins, i.e.
nucleation phenomena, arising from indenters with respective wedge angles of ¢ = 90° and
¢ = 120°. Length scalesinvolved (i.e. tens of nm) are similar to those of prior analytical and
computational studies of twin nucleation [2, 20, 36, 37]. Results of modeling |aboratory scale
as opposed to nanoscal e twins are presented in section 5.4.

Table 4 lists simulations discussed in section 5. Calcite (e* twin system) and sapphire
(B and R twin systems) are modeled. Odd-numbered simulation cases incorporate the
geometrically nonlinear phase field model with neo-Hookean elasticity of section 2.2. Even-
numbered cases incorporate the geometrically linear, linear elastic phase field model of
section 2.1. For a given nonlinear solution, the linear solution for the same material and
boundary conditions corresponds to the subsequent case number in table 4.

5.2. Nano-indentation with 90° wedge

Contours of order parameter and shear stressfieldsin calcite for simulation cases 1 (nonlinear
theory) and 2 (linear theory) are shown in figure 9. The normalized indentation depth is
A = 4.75. Normalized (dimensionless) depth, normalized indentation force and normalized
twin length are defined, respectively, asin (49).

For each caseinfigure 9, aprimary twin formsunder theleft side of theindenter, wherethe
driving shear stressfor twinning = of (41) ispositivein sign. Under theright side of thewedge,
T isnegative in sign, since the shear strain is directed in the anti-twinning sense with respect
to the orientation of the twin system. A secondary twin arises at the edge of the indenter at the
free surface (right side) where the shear deformation is directed in the twinning (as opposed
to anti-twinning) sense.

For purposes of comparison, contour legends for the order parameter in these and
subsequent figuresarerestrictedton € [0, 1]. Occasionally, valuesof » slightly exceeded unity
at oneor afew nodesimmediately under theindenter. The current numerical implementation of
the phase field model places no hard boundson n; valuesn < Oaresetto 0in (5), whilevalues
n > laresetto 1lin(5). Thus, values outside the range [0,1] offer no advantage with regards
to minimization of elastic strain energy, and are penalized in the double-well potential (16).

Comparing figure 9(a) with figure 9(b), order parameter contours and twin lengths are
similar for nonlinear and linear models in this instance. One minor difference arises: in the
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Figure 9. Close-up contours of order parameter and shear stress for nano-indentation with 90°
wedge at depth A = 4.75: (a) n, case 1: calcite, " twin, nonlinear theory. (b) n, Case 2: calcite,
e* twin, linear theory. (c) P12/, Case 1. calcite, € twin, nonlinear theory. (d) P12/, Case 2:
calcite, " twin, linear theory.

nonlinear solution (figure 9(a)), athin layer of twinned material (n ~ 1) emerges under the
right side of theindenter, near thetip. Such alayer isabsent inthelinear solution of figure 9(b).
Shear stresscontoursin figures 9(c) and (d) differ substantially for nonlinear and linear models.
The shear stress is more severe, and more strongly concentrated under the tip of the indenter,
for the nonlinear model (figure 9(c)) than the linear model (figure 9(<)). Maximum shear
stresses can be large, with local magnitudes exceeding the shear modulus for results of the
nonlinear theory.
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Figure 10. Order parameter 1 field for nano-indentation of sapphireto depth of A = 3.75with 90°
wedge: (a) Case5: sapphire, R twin, nonlinear theory (b) Case 6: sapphire, R twin, linear theory.

Contours of order parameter fields for indentation of sapphire, cases 5 (nonlinear, R twin)
and 6 (linear, R twin) are shown in figure 10. Order parameter contours and twin lengths
are similar for nonlinear and linear models. In the nonlinear solution, athin layer of twinned
material (n ~ 1) again emerges under the right side of the indenter, near the tip, while such a
layer is absent in the corresponding linear solution.

For the sameindentation depth A, arhombohedral (R) twin is predicted to be significantly
longer than a corresponding basal (B) twin in sapphire. Recall from table 2 that the shear o
for B twinning islarger than that for R twinning (0.635 versus 0.202) asisthe surfaceenergy I
(745 versus125mIm~—2). Longer R twinsmay be required to achieve comparablerelaxationin
elagtic strain energy than B twins because of the smaller stress-free shear 3, intheformer. This
trend (R twinslonger than B twins) was consistent among results of both linear and nonlinear
models.

Indentation force versus depth is shown in figure 11(a) for cases 1-6. Force versus
depth datafor 90° wedge indentation, when normalized by the appropriate quantities via (49),
are similar for al cases at small indentation depths (A < 2.5). At larger indentation depths,
indentation forcesfor nonlinear models(cases 1, 3and 5) exceed forcesfor corresponding linear
models(cases 2, 4 and 6). Such differencesresult, in part, from theincreasein tangent stiffness
(e.g. bulk modulus) with increasing compressive pressurein the neo-Hookean el asticity model.
For e* twinning in calcite and B twinning in sapphire, the indentation force in the nonlinear
model (case 1 or 3) only modestly exceedsthat for the complementary linear model (case 2 or
4) at A 2 2.5. The indentation force increases dramatically for case 5 (sapphire, R twin) at
larger indentation depthsrel ative to theforcefor the corresponding linear model (case6). Order
parameter (figure 10) and displacement fields demonstrate little differences among linear and
nonlinear solutions at large indentation depths, whereas local compressive stress magnitudes
become comparatively much larger for the nonlinear model. It is suggested that theincreasein
force in the nonlinear model is a result of nonlinear elastic contributions to stress (especially
pressure) that become stronger at larger indentation depths and for larger R twins.

Twin length versus indentation force is shown in figure 11(»). In all cases, twin
length increases monotonically with increasing force or with increasing depth of indentation.
Behavior isquantitatively similar for €' twining in calcite and B twinning in sapphire. R twins
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(a) (b)

Figure 11. Normalized indentation force versus indentation depth () and normalized twin length
versus force (b) for cases 1-6.

in sapphire are significantly longer under the same normalized force. From figure 11(b), for
€* twinning in calcite and B twinning in sapphire, twin length versus indentation force data
normalized by (49) reduce to similar curves.

5.3. Nano-indentation with 120° wedge

Contours of order parameter field n for cases 7 (calcite, nonlinear theory) and 8 (calcite, linear
theory) for indentation with a 120° wedge are shown in figure 12 for indentation depths of
A = 3.75 (figures 12(a) and (b)) and A = 4.75 (figure 12(c) and (d)). At each depth, the
absolutelength of thelong, thin primary twinisnearly identical for nonlinear and linear models.
The sharp tip predicted for €* twinning in calcite agrees with observations from indentation
experiments[1,5, 8, 11].

Predicted twin morphologies are strikingly different for nonlinear and linear models. For
thelinear theory, asingle continuous primary twin formsunder theleft side of theindenter. For
the nonlinear theory, alayered twin structure with alternating regions of large and small values
of n forms under the left side of the indenter. The number of horizontal layers increases with
increasing indentation depth: e.g. two horizontal layers are evident in figure 12(a) and three
arisein figure 12(c). Such layered structures were not reported in early experimental work on
indentation of calcite from the 1930s to the 1970s[1, 5, 8, 11]; however, such microstructures
may simply have not been detectable by the optical/photographic equipment available at
that time. Kaga and Gilman [10] observed layered (lamellar) structures in twinned calcite
specimens through etch pit studies. It was suggested that etch pit lines could be associated
with positionswhereatwin boundary interfacetemporarily rested during growth of atwin[10].
The alternating layers of twinned crystal under the indenter evident in the nonlinear results
in figure 12 are reminiscent of the finely twinned energy-minimizing structures in theories
of martensitic phase transformations [27,29]. Because of the energetic penalty incurred by
boundary regionsof n # 0, 1inthe phasefield theory, the layered structuresthat emergein the
nonlinear theory must offer asubstantial reduction in elastic strain energy relativeto asolution
in which a single continuous primary twin forms, asin the linear theory.

Other phase field simulationsincorporating geometrically linear, but possibly anisotropic,
elagticity have predicted layered structures of twin domains in the context of martensitic
transformations[46, 47]. An anisotropic linear €l astic—plastic finite el ement study [66] showed
that local shear stress distributions favor formation of lenticular shaped twins, and that above a
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Figure 12. Order parameter 7 field for nano-indentation with 120° wedge: (a) case 7: calcite, €*
twin, A = 3.75, nonlinear theory. (b) Case8: calcite, " twin, A = 3.75, linear theory. (c) Case7:
calcite, € twin, A = 4.75, nonlinear theory. (d) Case 8: calcite, €' twin, A = 4.75, linear theory.

threshold twinned volumefraction, formation of alayered microstructure consisting of multiple
twins is energetically favorable to formation of a single large twin. Reported finite element
calculations did not account for surface energy, which was noted would become important for
very small twinsin the nucleation stage [66]. None of these other works addressed indentation
loading.

Inall cases shown infigure 12, athin boundary layer arises at the surface of contact under
the left side of the wedge, where n < 1. Thislayer appears because the imposed shear strain
directly under the 120° indenter is about 0.58, which is less than the transformation shear
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Figure 13. Close-up contours of order parameter and shear stress for nano-indentation with 120°
wedge at depth A = 4.75: (a) n, case 7. calcite, € twin, nonlinear theory. (b) n, Case 8: calcite,
€* twin, linear theory. (c) P12/u, Case 7: calcite, € twin, nonlinear theory. (d) P12/, Case 8:
calcite, € twin, linear theory.

0.694 for calcite. On the other hand, for indentation by 90° wedges discussed in section 5.2
(figure 9), the imposed shear strain is about 1, which is greater than yo, and hence complete
transformation with n = 1 is energetically favorable along the contact boundaries under the
left sides of 90° wedges. Because the layered twin structure of the nonlinear theory does
not emerge in simulations of indentation by 90° wedges, the appearance of such layers for
indentation by 120° wedges (imposed shear of 0.58 < 3 = 0.694) could be explained by
similar arguments.

Close-up viewsof order parameter n and shear stresscomponent Py, areshowninfigure13
for cases7 and 8. Shear stresscontoursinfigures13(c) and (d) differ substantially for nonlinear
and linear models. As was observed in figure 9, the shear stress is more severe, and more
strongly concentrated under the tip of the indenter, for the nonlinear model (figure 13(c)) than
thelinear model (figure 13(d)). Alternating layers of shear stress that accompany the lamellar
twin structure predicted by the nonlinear theory are just visiblein figure 13(c).

Indentation force versus depth is shown in figure 14(a) for cases 7-10. Twin length versus
indentation force is shown in figure 14(b). Results for cases 7 and 8 are discussed here; cases
9 and 10 are discussed in section 5.4. Force-versus-depth data for 120° wedge indentation,
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(a) (b)

Figure 14. Normalized indentation force versus indentation depth () and normalized twin length
versus force (b) for cases 3, 4 and 7-10.

when normalized by (49), are amost identical for linear and nonlinear models. Indentation
force and twin length predicted by nonlinear theory exceed corresponding val ues predicted by
linear theory by less than 1%. Twin length increases monotonically with increasing force or
with increasing depth of indentation.

5.4. Scaling to laboratory dimensions

For scaling according to the transformation [ — [ 1, values of constantsin (17) are adjusted
asin (51) of section 4.4. Again, for the present problem, / = 10°, scaling the interface
thickness from 1nm to 1mm. In laboratory (millimeter) scale simulations discussed next,
room temperature (as opposed to 0K) elastic constants are used, to better represent ambient
experimental conditions[1,5, 8, 11].

Representative results are compared for nonlinear and linear theories in contour plots of
n in figure 15, corresponding to basal twins in sapphire induced by 90° wedge indentation.
Figures 15(a) and (b) can be compared with nanoscale results in figures 6(c) and (d), though
theindentation depth isslightly smaller intheformer. Infigures6(c) and (d), nanoscal e results
are shown, and the absolute substrate dimensions are 50nm x 75nm. In figures 15(a) and
(b), laboratory scale results with parameters scaled via (51) are shown, and the dimensions
are 50mm x 75mm. Note that twin morphologies are similar for model predictions at each
length scale. Linear and nonlinear theories also predict similar order parameter profiles in
figure 15. Similar to what was observed in figure 9(a), only in the nonlinear solution does
a thin layer of twinned material (n ~ 1) emerge under the right side of the indenter near
thetip.

Indentation force versus depth is shown in figure 14(a); twin length versus indentation
forceis shown infigure 14(b). Force-versus-depth datafor 90° wedge indentation of sapphire
with B twins, when normalized by the appropriate quantities via (49), is quantitatively very
similar for linear and nonlinear models at both the nanoscale and laboratory scale (cases 3, 4,
9, and 10). Normalized twin length data for linear and nonlinear models at each length scale
also collapseto nearly the same monotonically increasing curve, as demonstrated by the nearly
indistinguishable results for sapphirein figure 14(b). Close similarity among results for cases
3 and 9 in figure 14 demonstrates the ability of the scaling method of section 4.4 to produce
geometrically self-similar resultsfor nm- and mm-sized specimens using the nonlinear theory.
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Figure 15. Order parameter 1 field for laboratory (mm) scale indentation with 90° wedge at depth
A = 4.25: (a) case 9: sapphire, B twin, nonlinear theory. (b) Case 10: sapphire, B twin, linear
theory.

6. Conclusions

A phase field model for twinning in elastic crystals has been developed and exercised for the
problem of indentation with wedges. Two transparent materials have been studied: calciteand
sapphire. Predictions of nonlinear (i.e. finite strain) theory have been compared with those of
geometrically linear theory.

Phasefield predictionsof indentation agree qualitatively with experimental observations: a
long thintwin formsasymmetrically beneath one side of theindenter, thetip of thetwinissharp
and thelength of thetwinincreaseswithincreasing force. Normalized, dimensionlessvariables
for indentation depth, indentation force, and twin length have been derived. It is emphasized
that physically realistic twin shapes are predicted by a model whose only parameters are the
elastic constants, twin boundary energy, and twin boundary thickness, al of which can be
obtained from independent experiments or quantum/mol ecular mechanics calculations.

Qualitatively similar twin shapes have been obtai ned using i sotropic and anisotropic elastic
constants. The differencein predicted twin length between isotropic and anisotropic modelsis
greater in sapphirethanin calcite. Basal and rhombohedral twinshave been studied in sapphire:
predicted rhombohedral twins are longer than basal twins for the same indentation force. Use
of anisotropic rather than isotropic surface energy has little effect on twin morphology or
indentation force for the particular indentation boundary conditions and ranges of material
parameters considered here.

A scaling method has been developed for modeling behavior of specimens of (mm-to-
cm) sizes on the order of those studied experimentally in traditional indentation, as opposed
to nano-indentation. Nearly identical twin morphologies are obtained for nanometer-scale
specimens and millimeter (lab) scale specimens. Twin length versus indentation force data,
when properly normalized to dimensionless form, collapse to nearly the same monotonically
increasing curve for € twins in calcite and basal twins in sapphire, for nm- and mm-scale
simulations, and for 90° and 120° wedges.

Indentation forces are greater in the nonlinear model than the linear model because of
the decreasing elastic compliance with increasing pressure in nonlinear model. Normalized
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relationships between twin length and indentation force are similar for linear and nonlinear
theories at both nanometer and millimeter scales. Twin morphologiesare similar for linear and
nonlinear theories for indentation with 90° wedges: in each case, asingle, continuous primary
twin forms under one side of the indenter, and a small secondary twin forms at the free surface
at the opposite edge. Perhaps most interestingly, in the nonlinear model, indentation of calcite
with a120° wedge produces alamellar twin structure between the indenter and the long sharp
primary twin. The number of twin lamellae increases with increasing indentation depth. This
complex, layered microstructureis not predicted by the linear theory, which instead predicts a
single continuous primary twin.
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